We investigate the role of anisotropic feature extraction methods for automatic image registration of remotely sensed multitemporal images. Building on the classical use of wavelets in image registration, we develop an algorithm based on shearlets, a mathematical generalization of wavelets that offers increased directional sensitivity. Initial experimental results on LANDSAT images are presented, which indicate superior performance of the shearlet algorithm when compared to classical wavelet algorithms.
Introduction
The problem of accurately and robustly registering multitemporal image data is a significant problem in the field of remote sensing. Images of the same scene, captured by the same sensor, can have severe misalignment if taken at different times. This can be due to seasonal changes, cloud coverage, and differences in sensor placement. In order to register two such scenes, techniques developed from the mathematical discipline of harmonic analysis have been successful.
In particular, methods based on wavelets have been effectively applied to the problem of registering multitemporal, remotely-sensed images [1] . By decomposing an image according to a discrete wavelet algorithm, an image is reduced to more essential features, which are easier to match. It is well-known that wavelets cap- Anisotropic generalizations of wavelets abound.
In particular, shearlets [4] , [5] give a fast, optimized, and directionally-dependent decomposition of images, which we shall show yield a robust algorithm for the registration of multitemporal images.
Background on Wavelets and Shearlets
In a broad sense, wavelet algorithms decompose an image with respect to scale and translation. Mathematically, for a signal f ∈ L 2 ([0, 1] 2 ), understood as an ideal image signal, and an appropriately chosen wavelet function ψ, f may be decomposed as The collection of wavelet coefficients { f , ψ m,n } m∈Z,n∈Z 2 describes the behavior of f , our image signal, at different scales (determined by m) and at different translations (determined by n). This continuous scheme is discretized to work with real, discrete image signals.
Shearlets generalize wavelets by decomposing with
respect not just to scale and translation, but also direction. Mathematically, given a signal f ∈ L 2 (R 2 ) and an appropriate base function ψ, we may decompose f as
where: 
REGISTRATION ALGORITHM DESIGN
Our image registration algorithm is based on decomposing the input and reference images using harmonic analysis tools. Our ambition is to compare isotropic waveletlike methods to an anisotropic generalization, shearlets.
To do so, we consider wavelet-like algorithms in the form of spline wavelets and Simoncelli steerable pyramids [6] , and the fast shearlet transform [7] . These features are then matched using a non-linear least squares optimization algorithm, in order to compute the registration transformation between the images.
We summarize our image registration algorithm in terms of the four components of image registration de- seek to minimize the similarity metric given by: 
INITIAL EXPERIMENTAL RESULTS
To test our wavelet and shearlet algorithms, we regis- (T x 0 , T y 0 , θ 0 ) Spline Wavelets Shearlets (0,0,0) (-1. 5 Table 3 is ambiguous as to which of shearlets or Simoncelli low-pass is more robust for these multitemporal images, but more subtle choices of initial guesses in Table 4 indicate the superior robustness of shearlets in this case as well.
More comprehensive statistical analysis of these image registration experiments, as well as experiments with other multitemporal images are in progress, and shall be presented at the conference. [3] Ingrid Daubechies, Ten lectures on wavelets, Society for industrial and applied mathematics, 1992.
